Ethylene production rates and tissue ethylene concentrations were determined for the single-gene, Epinastic (Epi) tomato (Lycopersicon esculentum Mill.) mutant, and its parent, cv VFN8. The Epi phenotype was characterized by severe leaf epinasty, thickened stems and petioles, and a compact growth habit. In 4-day-old seedlings, ethylene production was significantly higher in Epi than in VFN8. Ethylene production rates also were higher for excised root, hypocotyl, cotyledon, and shoot tissue of 14-day-old Epi seedlings as compared with VFN8. The greatest difference in the ethylene production rate was observed in excised Epi shoot tissue, which was more than 2.5 times higher than in VFN8. Tissue ethylene concentrations of 19-, 25-, and 31-day-old Epi plants were 8, 172, and 307% higher than for VFN8, corresponding to increasing expression of the Epi phenotypic characteristics with age. The highest ethylene concentrations occurred in the shoot apex of both genotypes. Higher ethylene concentrations in Epi resulted from greater 1-aminocyclopropane-l-carboxylic acid content rather than increased ethyleneforming enzyme activity. The elevated ethylene levels in Epi did not result from increased auxin sensitivity. The sensitivity of root growth to inhibition by ethylene did not differ between VFN8 and Epi. Although elevated levels of ethylene in Epi plants apparently exacerbate its epinastic growth characteristics, other evidence indicates that this may not be the fundamental lesion. This mutant may provide a unique system for investigating the regulation of ethylene biosynthesis and the role of target cell types in plant development.
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Single-gene plant mutants serve as powerful tools for investigating the biochemical, physiological, and morphological roles of hormones during plant growth and development (14, 17) . Tomato mutants, in particular, are useful systems for examining the role of hormones during plant development. Over 800 monogenic mutants have been identified in tomato, and its strict diploid behavior and self-pollination ensure rapid expression of recessive mutants (18) . Zobel (27) found an isogenic mutation from a normal tomato variety (Lycopersicon esculentum Mill. cv VFN8) having diageotropic growth characteristics. This singlegene mutant, dgt2, exhibits a variety ofpleiotropic morphological effects and is characterized by a horizontal growth habit of both roots and shoots, hyponastic, dark-green leaves and the absence of lateral roots (28) . The 2Abbreviations: dgt, diageotropica; Epi, epinastic; SAM, S-adenosylmethionine; ACC, l-aminocyclopropane-l-carboxylic acid; EFE, ethylene-forming enzyme. least partially reverted to normal by exposure to low concentrations of ethylene (28) . Kelly and Bradford (12) have shown that the fundamental lesion ofthe dgt mutant may be an insensitivity to auxin.
Recently, another single-gene tomato mutant derived from the same parent line (VFN8) as dgt was found which is characterized by a contrasting developmental pattern, i.e. extreme leaf epinasty, thickened stems and petioles, an apparent reduction in anthocyanin production, a shortened and highly branched root system, and very erect growth. This Epi mutant, like dgt, sets fruit which ripen normally and have viable seed. Ursin (20) has presented a genetic analysis and morphological characterization of the Epi mutant. Treatment of normal tomato plants with exogenous ethylene induces leaf epinasty, stem thickening, and root branching, which are characteristics similar to those described for the Epi mutant. Thus, Epi might be hypothesized to be an ethylene overproducer or extremely sensitive to ethylene.
Although its phenotype suggests that ethylene may be the hormone responsible for the abnormal morphology of the Epi mutant, other hormones should not be overlooked. Zimmerman and Wilcoxon (26) were the first to report the stimulation of ethylene production by auxin in plant tissue, and increased ethylene production rates have been shown by the other researchers to result from elevated auxin levels (1). Burg and Burg (6) demonstrated that exogenous IAA stimulated ethylene production in excised pea tissue, resulting in tissue swelling and growth extension inhibition. Since IAA and ethylene stimulate many of the same physiological and morphological responses in plants, it seems reasonable to conclude that many ofthese responses might result from IAA-induced ethylene production. Auxin has been shown to regulate the rate of ethylene biosynthesis by inducing the synthesis of ACC synthase, which catalyzes the synthesis of the ethylene precursor, ACC (23) (24) (25) . In contrast to the auxininsensitive and ethylene-requiring dgt mutant (12, 28) h, the flasks were placed into 0.5-L Mason jars, purged with ethylene-free air, and sealed. EFE activity was measured by the ability to convert exogenous ACC to ethylene in a 1-h period. Saturation of EFE was achieved with 1 mM ACC (data not shown). Each data point represents the mean of three replications. The experiment was repeated two times. IAA-Induced Ethylene Determination. Seedlings were employed as described under "Ethylene Determination." Uniform 14-d-old seedlings of VFN8 and Epi were selected and their hypocotyls excised, weighed, and placed into 15-ml Erlenmeyer flasks containing 2% sucrose (w/v), 50 MAg ml-' chloramphenicol, and 50 mm Mes (pH 6.1). Flasks were then purged with ethylenefree air and sealed. At 2-h intervals, a 1 ml gas sample was withdrawn and analyzed for ethylene content by GC. Flasks were flushed again with ethylene-free air and sealed. After 4 h, IAA was added to the flasks to make final IAA concentrations of 1, 10 , and 100 Mm. The flasks were flushed and sealed, and at intervals ethylene content was measured. The maximum IAAinduced ethylene production was determined to be at 8 h and was plotted versus the log of IAA concentration. Each data point represents the mean of four replications. The experiment was repeated three times. In additional experiments, IAA was added 4 h after excision to flasks containing hypocotyls of the three genotypes, VFN8, VF36, and Epi, to make final concentrations of 100 Mm. Flasks were purged with ethylene-free air, sealed, and ethylene content was measured at 2 h intervals. Each data point represents the mean of five replications. The experiment was repeated two times.
Root Elongation Assay. Pregerminated seeds (for 2 d) of VFN8 and Epi were selected for uniformity (about 1 mm radical emergence) and were sown onto blotter paper in separate 11 x 11 x 3 cm plastic boxes containing 17 ml of 2.5 mM KH2PO4 (pH 6.0). The plastic boxes were placed in 40-L aquaria. The aquaria were covered with a sheet of glass, sealed with tape, and then either ethylene-free air or various concentrations ofethylene were introduced into the aquaria at a flow rate of 40 L h-'. After 48 h, root length was measured and recorded as a percentage of the control genotype. Each data point represents the mean of 120 to 150 seedlings per ethylene concentration.
RESULTS
Differences in ethylene production rates between VFN8 and Epi were detected within 4 d after sowing, with Epi having higher rates than VFN8 (2.08 + 0.08 and 1.38 ± 0.11 nL g-' h-', respectively [means ± 95% confidence intervals]). When ethylene production rates were measured for root, hypocotyl, cotyledon, and shoot tissue for 14-d-old VFN8 and Epi seedlings, significant differences in the ethylene production rates between the two genotypes were observed in shoot and root tissues. Ethylene production by shoot and root tissues of Epi were 122 and 67% higher, respectively, than the corresponding tissues of VFN8 (Fig. 1 ). Ethylene production rates for Epi cotyledon and hypocotyl tissue were also higher than for VFN8 by 17 and 10%, respectively, but the differences were not significant. Total rates of ethylene production were calculated based upon total ethylene produced (nL) and total tissue weight (g) (Fig. 1) . Ethylene production rate ofEpi was 62% higher than that of VFN8 within the first 0.5 h after excision (Fig. 1) .
The difference in seedling ethylene production between VFN8 and Epi corresponded with differences in phenotype as described by Ursin (20) . While some characteristics are evident even in young seedlings, the Epi phenotype became more exaggerated during the course of growth and development. The vacuum extraction method (3) was employed to estimate ethylene concentrations in situ during development and to avoid potential problems associated with perturbation or wounding ofthe tissue. Harrison and Pickard (10) reported that upon horizontal place- higher than VFN8. By d 25, the internal ethylene concentrations of VFN8 and Epi increased to 47 and 128 nL L', respectively. During this 6-d period, the concentration ofendogenous ethylene in Epi significantly increased almost fivefold, while that ofVFN8 increased by less than twofold in the same time period (Fig. 2) . Differences between the VFN8 and Epi phenotypes were also more evident. The Epi stem diameter increased, the petioles were more reflexed, and the leaves were tightly curled. By d 31, the Epi ethylene concentration increased to 391 nL L`compared with 96 mL L' measured for VFN8 (Fig. 2) . The ethylene concentration of Epi increased an additional threefold in the 6-d period, while in VFN8 the ethylene concentration doubled in the same time period. The marked increase in ethylene concentration of Epi corresponded to an increase in the exaggeration of the Epi phenotype. Epi had an extremely erect growth habit, thickened stems and petioles, and severely curled leaves, as compared with VFN8 (Fig. 2) .
In order to characterize differences in internal ethylene concentrations in various parts of 90-d-old VFN8 and Epi plants, leaves were excised and internal ethylene concentrations were measured at various positions along the stem. The highest concentrations ofethylene were measured in the leaves closest to the apex for both genotypes, and concentrations decreased basipetally (Fig. 3) . Ethylene concentrations of Epi tissue were over 4-and 10-fold higher than for VFN8 in the apex and youngest expanded leaf. Ethylene concentrations were substantially higher in Epi than VFN8 at all positions except for the eighth leaf.
The higher concentrations ofinternal ethylene in Epi suggested that there was either a difference in the concentration of the precursor of ethylene, ACC, or a difference in EFE activity between VFN8 and Epi. The ethylene concentration of 28-d-old Epi plants was more than 5 times that of VFN8 (Table I) . However, when the maximum EFE activities of both genotypes were compared by incubation in 5 mM ACC, no difference was observed. When tissues of the same age were assayed for ACC, Epi was found to have more than 6 times the ACC content of VFN8. Therefore, the high ethylene concentration in Epi tissue was a result of a high ACC content and could not be attributed to differences in EFE activity.
Rates of ethylene production induced by 100 usM IAA were measured for excised hypocotyls of VFN8, Epi, and another normal tomato genotype, cultivar VF36. Ethylene production rates by the three genotypes were maximal 8 h after excision (4 h after IAA addition; Fig. 4 ). VF36 had a higher maximal ethylene production rate than either VFN8 or Epi, although the ethylene production rate ofEpi was significantly higher than that of VFN8. In order to determine whether Epi was more sensitive to IAA in stimulating ethylene production, excised hypocotyls from 14-d-old VFN8 and Epi seedlings were treated with various concentrations of IAA and ethylene production was measured. Ethylene production rate reached a plateau in VFN8 hypocotyls at 10 ,uM, whereas ethylene production in Epi hypocotyls increased linearly from 1 to 100 ,uM IAA (Fig. 5) . These results suggest that the difference in maximal ethylene production rates between VFN8 and Epi (Fig. 4) maximal response to IAA, rather than Epi being more sensitive to IAA.
Intact seedlings were exposed to ethylene to distinguish possible differences in ethylene sensitivity between VFN8 and Epi. This system avoided some of the wounding artifacts that are associated with explant preparation (2). After 2 d of exposure to ethylene, percent root length inhibition increased with increasing exogenous ethylene concentrations (Fig. 6) . The ethylene concentration required to achieve a 50% reduction in root length was slightly lower for VFN8 (0.33 ,L L-') than for Epi (0.45 ,uL L-'; Fig. 6, inset) . Thus, the results of this assay suggest that the Epi mutant was not more sensitive to ethylene than was VFN8. Similar results were observed for ethylene growth inhibition of dark-grown hypocotyls (8) .
DISCUSSION
Our results show that Epi has significantly higher levels of internal ethylene than its parent, cv VFN8. Measurable differences in the ethylene production rate existed between genotypes early during seedling growth. Ethylene production rates by 4-and 14-d-old VFN8 seedlings were well within the range of production rates, 0.5 to 2 nL g'-h-'), reported for vegetative tissue (4). In contrast, ethylene production rates of 4-and 14-dold seedlings of Epi exceeded this range, perhaps accounting for the phenotypic differences found in young seedlings of the two genotypes. Ursin (20) characterized the phenotype of Epi seedlings as having reduced root and hypocotyl lengths, increased lateral root branching, reduced anthocyanin and reflexed cotyledons, as compared to VFN8. Root lengths of 4-d-old Epi seedlings employed in the ethylene sensitivity assay were always 40 to 60% less than the root lengths of VFN8 (Fig. 6) .
The tissue ethylene concentrations ofboth genotypes increased during growth and development. The smallest difference in internal ethylene concentrations between the two genotypes was observed at 19 d after sowing. A possible reason for such a small difference might be that the ethylene concentrations were near the limits of detection. However, at 25 and 31 d, the percent increase and absolute ethylene concentrations were significantly higher in Epi and coincided with the exaggeration of the Epi phenotype (Fig. 2) were found near the shoot apices of mature plants and decreased basipetally. This agrees well with other reports (4) that have shown that the most prolific sites of ethylene production are in the meristematic and nodal regions of plants.
The rate-limiting step in the formation of ethylene in plant tissue is the conversion of SAM to ACC (21). This conclusion is based on evidence that the enzyme which converts ACC to ethylene is largely constitutive in most plant tissue except for preclimacteric fruit and flower tissue (22) . The higher concentration of ethylene in Epi than in VFN8 must have resulted from an increased ACC concentration or EFE activity. When 28-dold VFN8 and Epi excised shoots were assayed for ACC content and EFE activity, the results clearly indicated that elevated ACC levels are responsible for the increase in ethylene concentration ofEpi tissue rather than altered EFE activity (Table I) . Therefore, we present evidence for a single-gene mutant of tomato that produces elevated levels of ethylene resulting from greater ACC content. To our knowledge, this is the first such tomato mutant to be reported.
Since endogenous IAA is thought to regulate endogenous ethylene production in vegetative plant tissue, the dose-response curve for IAA-induced ethylene was determined using excised VFN8 and Epi hypocotyls. The results indicate that while Epi hypocotyls may have greater ethylene production capacity at very high auxin levels, the sensitivity to lower, more physiological concentrations of IAA differs little between VFN8 and Epi. In addition, the results obtained from the IAA-induced ethylene production study of VFN8, VF36 and Epi indicated that VF36 had a higher maximal ethylene production rate than VFN8 and Epi, yet its phenotype is normal. These results, along with the evidence that internal ethylene concentrations of 60-d-old Epi plants exceeded those of VF36 (data not shown), cast further doubt on the significance of IAA in inducing higher maximal ethylene production rates by Epi compared with VFN8. However, these results do not preclude the possibility of differences in endogenous IAA content between genotypes. Inasmuch as IAA-induced ethylene production has been reported to control apical dominance (7), perhaps the phenotype of Epi can be explained by a higher level of IAA in the Epi shoot apex. However, the IAA content of 7-d-old, dark-grown VFN8 and Epi seedlings did not differ (9) .
It is possible that the Epi phenotype results from increased sensitivity to ethylene. However, when intact seedlings were exposed to various concentrations of ethylene, root growth inhibition in Epi was not more sensitive to exogenous ethylene than in VFN8, for the difference in the concentrations ofethylene resulting in half-maximal biological activity was slight (Fig. 6,  inset) . Ursin (20) also found no difference in ethylene sensitivity between VFN8 and Epi using a petiole epinasty assay. The ethylene binding site found in vivo in tobacco leaves has a high affinity and specificity for ethylene and exhibits saturation kinetics for a biological response (19 (Fig. 2) . Hence, this mutant provides a unique system for investigating the regulation of ethylene biosynthesis and the role of target cell types in plant growth and development.
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